The Wistar Audiogenic Rat (WAR) strain is a genetic model of sound-induced reflex epilepsy which was selected starting from audiogenic seizures susceptible Wistar rats. Wistar resistant rats were used as WAR's control in this study. In the acute situation, audiogenic seizures (AS) in WARs mimic tonic-clonic seizures and, in the chronic protocol, mimic temporal lobe epilepsy. AS have been shown to evoke neuroendocrine responses; however, the hypothalamic-pituitary-adrenal activity in the WAR has not been established. The aim of this study was to evaluate the hypothalamic-pituitary-adrenal axis (HPA) responses to exogenous ACTH stimulation (8 ng/rat), fifteen minute restraint stress and circadian variation (8 am and 8 pm) under rest conditions in these animals through plasma measurements of ACTH and corticosterone concentrations. We also measured the body weight from birth to the 9th week of life and determined adrenal gland weight. We found that WARs are smaller than Wistar and presented a higher adrenal gland weight with a higher level of corticosterone release after intravenous ACTH injection. They also showed altered HPA axis circadian rhythms and responses to restraint stress. Our data indicate that, despite the lower body weight, WARs have increased adrenal gland weight associated with enhanced pituitary and adrenal responsiveness after HPA axis stimulation. Thus, we propose WARs as a model to study stress-epilepsy interactions and epilepsy-neuropsychiatry comorbidities. Open access under the Elsevier OA license.
Introduction
The Wistar Audiogenic Rat (WAR) strain is a genetic model of sound-induced reflex epilepsy that, in the acute situation, mimics tonic-clonic seizures (audiogenic seizures; AS) and, in the chronic protocol, mimics temporal lobe epilepsy (GarciaCairasco et al., 1996; Dutra Moraes et al., 2000 ; for review see Garcia-Cairasco, 2009 ). There is a strong relationship between hormones and epilepsy; epileptic seizure can promote hormonal and metabolic alterations after seizures (Trimble, 1978; Meldrum et al., 1979; Wyllie et al., 1984; Pritchard et al., 1985) . Some hypothalamic hormones are known to facilitate (corticotrophin releasing factor-CRF) or to inhibit (thyrotropin releasing hormone-TRH and luteinizing hormone releasing hormone-LHRH) epileptic seizures (Plotnikoff and Kastin, 1977; Bajorek et al., 1984; Delgado-Escueta et al., 1986) . Some pathophysiological aspects of seizure susceptibility are directly related to the hypothalamus-pituitary system (Amado et al., 1993) , which is regulated by limbic structures, such as the hippocampus and amygdala, which play an important role in the genesis of epilepsy (Sperling and Wilson, 1986) . During convulsive seizures, HPA axis activation occurs along with an increase in plasma glucocorticoid concentration.
Significant increases in plasma concentrations of cortisol, GH and PRL were observed after spontaneous generalized seizures (Culebras et al., 1987) . We also observed higher postictal PRL levels, in comparison to those observed in other stress paradigms in WAR (Garcia-Cairasco et al., 1996) . In addition, we found that lactation-induced hyperprolactinemia is also a strong modulator of seizure sensitivity in WARs (Doretto et al., 2003b) .
The HPA axis is characterized by the presence of a circadian rhythm in basal and stress conditions, and the HPA axis response to stress has been shown to be higher during the nadir than during the daily rhythm peak (Kant et al., 1986; Bradbury et al., 1991; Dallman et al., 1992) . Moreover, stress is a very common, self-reported precipitant of seizures in patients with epilepsy (Frucht et al., 2000; Spector et al., 2000; Nakken et al., 2005) .
There is evidence showing the relationship among epilepsy, hormones, stress and circadian rhythms. In this sense, the aim of this study was to evaluate the HPA axis in response to different stimulations in the WAR strain, a genetic model of epilepsy.
Results

Body weight
At birth, there was no difference in the body weight between WAR and Wistar groups. However, after the first week until the ninth week, the body weight was significantly lower (p < 0.05) in the WAR group compared with the Wistar group (Fig. 1A) . Additionally, the adrenal gland weight of the WAR group (13.4 ± 0.6 g/100 g) was significantly higher than the adrenal gland weight of the Wistar group (10.0 ± 0.6 g/100 g) (Fig. 1B) .
Histopathology and morphometric analysis of the adrenal gland
In the panoramic histopathological analysis, the adrenal medulla was apparently normal in both groups of rats ( Fig. 2A  and B) . In Fig. 2C and D are illustrated the cortical layers of Wistar rats and WARs, respectively. In the fasciculate layer of the cortical adrenal gland we observed hyperplasia and intensive capillary ingurgitation associated to a marked vacuolization of the fasciculata cells in WARs (Fig. 2E and F) .
Histological morphometry revealed a significant increase in adrenal medullar area in WARs when compared with Wistar rats (2.745 ± 0.392 mm 2 vs. 1.443 ± 0.405 mm 2 ), (Fig. 3A) . Quantification of the cortical layers also demonstrated a significant increase in the fasciculate layer thickness in WARs when compared with Wistar rats (831.2 ± 66.1 μm vs. 533.0 ± 34.1 μm), with no significant difference in either reticularis or glomerulosa layers in both groups of rats (Fig. 3B) 
Restraint stress
Plasma corticosterone values in basal conditions and after restraint stress were 1.4 ± 0.4 μg/dl and 30.1 ± 1.4 μg/dl, respectively, in WARs and 0.6 ± 0.1 μg/dl and 32.1 ± 1.7 μg/dl, respectively, in Wistar rats (Fig. 4A ). Plasma ACTH values in basal conditions and after restraint stress were 30.9 ± 6.1 pg/ml and 632.0 ± 50.5 pg/ml, respectively, in WARs and 23.8 ± 3.9 pg/ml and 468.9 ± 33.8 pg/ml, respectively, in Wistar rats (Fig. 4B ). Compared to basal conditions, there was an increase in plasma corticosterone and ACTH levels after restraint in both groups. There was no difference in corticosterone responses to stress between WARs and Wistar; however, plasma ACTH levels after stress were higher (p< 0.01) in WARs as compared to Wistar rats.
Circadian rhythms
Plasma corticosterone values in basal conditions at 8 a.m. and 8 p.m. were 0.7±0.1 μg/dl and 6.1± 1.4 μg/dl, respectively, in WARs and 0.7± 0.1 μg/dl and 17.4 ± 2.6 μg/dl, respectively, in Wistar rats (Fig. 5A ). Plasma ACTH values in basal conditions at 8 a.m. and 8 p.m. were 20.5 ± 4.9 pg/ml and 25.7 ± 3.4 pg/ml, respectively, in WARs and 33.7 ± 5.6 pg/ml and 73.4 ± 9.9 pg/ml, respectively, in Wistar rats (Fig. 5B ). There was no circadian variation of plasma ACTH levels in WARs.
Plasma corticosterone values after ACTH stimulus were significantly higher in WARs (19.0 ± 3.6 μg/dl) as compared with Wistar rats (9.2 ± 0.9 μg/dl) (Fig. 6) .
Discussion
We demonstrated differences between Wistar rats and WARs in body growth and alterations in responses to activation of the HPA axis. We observed that Wistar control rats have a higher body weight than WARs. Although smaller than Wistar, WARs showed higher adrenal gland weight. Histopathology and morphometric analysis showed a significant increase in the adrenal cortical fasciculate layer in WARs, which is consistent with the functional alterations found in the HPA axis, such as higher glucocorticoid release after ACTH stimulus in WARs. Glucocorticoids are known to promote several events such as energy mobilization, muscular and bone growth inhibition, proteolysis and lipolysis (McEwen and Stellar, 1993; Munck et al., 1984) , as well as improve the restorative recovery capacity after stress and prepare the organism for the challenge (De Kloet et al., 2005) . We might speculate that some of these events can be associated with the difference in the body weight curve between Wistar rats and WARs.
In order to test HPA axis activity of WARs, we verified the ACTH response after restraint stress, and we found that the plasma ACTH levels were higher in WARs than in Wistar. ; cortical fasciculate layer of Wistar (E) and WARs (F). Observe enhanced vacuolization (green arrows) and capillary ingurgitation (red arrows) in WARs. Calibration bars for A and B is 10 mm, for C and D is 400 μm and for E and F is 100 μm.
Despite this difference in ACTH release, in the same protocol, the plasma corticosterone level did not differ between WARs and Wistar, suggesting a possible ACTH roof effect. It is important to point out that ACTH is a known anti-convulsant factor and it has long been used in clinical protocols to treat infantile spasms (IS) in West Syndrome (WS) and other syndromes that are resistant to conventional treatment (Mackay et al., 2004; Riikonen, 2004) . However, there is not a well-established animal model for WS, and in several animal models of IS ACTH shows low efficacy to reduce the spasms . Scantlebury et al. (2010) , for example, showed that in a multiple-hit model of symptomatic IS cosyntropin-a synthetic derivative of ACTH-fails to suppress spasms. Therefore, ACTH is not necessarily anticonvulsant in rodent models of epilepsy, and more studies are necessary to better understand the role of ACTH in audiogenic seizures in WARs. In contrast to ACTH, corticosterone is a well-established pro-convulsant molecule in both acute and chronic animal models of epilepsy (Kling et al., 1993; Roberts and Keith, 1995; Karts et al., 1999) .
The plasma levels of ACTH and corticosterone in Wistar rats after 15 min of restraint stress were similar to those found by Elias et al. (2002) . These authors also showed that Wistar animals in basal conditions, when treated with exogenous CRH and ACTH between 8 a.m. and 10 a.m., had elevated values of ACTH and corticosterone. Our current experiments, however, show that WARs submitted to exogenous application of ACTH had plasma corticosterone levels that were even more elevated than those of Wistar rats. This higher response to exogenous ACTH in WARs could be ascribed to their increased adrenal gland weight. It will be interesting to test whether this adrenal weight increase in WARs might be a phenomenon compatible with the known pro-convulsant effect of glucocorticoids (Roberts and Keith, 1995) .
It is well known that glucocorticoids exert neuronal excitatory effects, which are mediated through binding to central mineralocorticoid receptor (MR) in the hippocampus. Clear evidence of excitatory effects of MR was shown by Joëls and de Kloet (1992) . These authors examined, for example, the effect of the MR antagonist spironolactone on hippocampal slice electrophysiology and showed that low doses of this substance blocked the excitatory effect of corticosterone. MR also plays an important role in mediating limbic seizures (Roberts and Keith, 1995) . In addition, mice were more susceptible to seizures induced by kainic acid when their plasma corticosterone levels were near their circadian peak (Roberts and Keith, 1994) . In accordance with these data, there is a positive association between stress and seizure frequency in adult epileptics (Lambie et al., 1986; Temkin and Davis, 1984; Mattson, 1991) . Accordingly, it was recently demonstrated that soldiers in combat units have a higher seizure incidence than soldiers that work under less stressful conditions (Moshe et al., 2008) .
We also studied the circadian rhythm of the HPA axis of Wistar rats and WARs, and as expected, we observed that Wistar rats present a normal circadian rhythm, with higher plasma corticosterone and ACTH levels at 8 p.m. (lights off) as compared with 8 a.m. Moreover, WARs showed preserved daily variation of plasma corticosterone levels; however, they did not show diurnal variation in plasma ACTH levels. Disruption of circadian rhythm and of the HPA axis associated with seizures was previously reported in humans and animal experimental models. Linkowski et al. (1987) showed that the timing of the circadian rhythms of ACTH and cortisol, as well as the duration of the quiescent period of cortisol secretion, was normalized in patients after electroconvulsive therapy. Quigg et al. (1998) showed that electrically-induced seizures modify the circadian rhythm of body temperature in hippocampally kindled rats.
Thus, because WARs are endogenously susceptible to seizures and they have an altered circadian rhythm pattern of ACTH release, it will be interesting to demonstrate in a new set of experiments whether or not WARs also present alterations in circadian rhythms related to other factors (e.g., body temperature control). In light of the strong associations between stress hormones and epilepsy, additional studies are under way in order to test the impact of neuroendocrinological alterations found in WARs on ictogenesis and epileptogenesis. In this direction an example is the study by Mazarati et al. (2009) where the use of the dexamethasone/CRH test (Johnson et al., 2006) demonstrated that status epilepticus induced by pilocarpine/LiCl leads to hyperactivity of the HHA axis.
We observed morphologic alterations in adrenal medulla in WARs, which is compatible with endogenous hypertension, increased heart rate and increased sympathetic tonus observed in these rats (Fazan et al., 2010) . Moreover, the increase in adrenal gland cortical fasciculate layer thickness helps to explain the hyper-responsivity of WARs to HPA axis stimulation, as shown here and by the stressful profile of WARs in the elevated plus maze and the open field (Garcia-Cairasco et al., 1998) . It will be extremely important to further investigate whether the increased area of the adrenal medulla is associated with changes in the adrenal release of catecholamines.
In conclusion, WARs have a hyperplasic adrenal gland, do not present ACTH circadian cycles and have higher corticosterone levels in response to exogenous ACTH than Wistar controls. These HPA axis abnormalities make WARs a suitable model to study stress and epilepsy as well as epilepsy-neuropsychiatry comorbidities.
Experimental procedures
Male Wistar rats that were not susceptible to audiogenic seizures from the main breeding colony at the Campus of Ribeirão Preto of the University of São Paulo and males from the WAR strain susceptible to sound-induced seizures (Doretto et al., 2003a) were used in this study. All experimental protocols used in this study were reviewed and approved by the Animal Care and Use Committee of the School of Medicine of Ribeirão Preto of the University of de São Paulo (Protocol number 203/2005).
WARs were derived from a Wistar strain of albino rats and have been selected for audiogenic seizure sensitivity (Doretto et al., 2003a) at the Vivarium of the Physiology Department of the Ribeirão Preto School of Medicine at the University of São Paulo. Wistar and WARs were age-matched (56 to 63 days) and individually housed with free access to standard rat food and water in a controlled environment with a light/dark cycle of 12/12 h (light on at 6 a.m. and light off at 6 p.m.). The animals were allowed to habituate to the room for at least 5 days prior to the studies and were handled and weighed daily in order to reduce stress during the experiments.
Body weight curve construction
To determine the animal's growth, both WARs and Wistar were weighed weekly, from their birth until the 9th week of age. When animals were 21 days old, they were separated from their mothers and housed in collective cages with free access to food and water. 
Circadian rhythms of corticosterone and ACTH
To evaluate the circadian rhythm of corticosterone and ACTH plasma levels and adrenal gland weight, rats were decapitated under basal conditions at 8 a.m. and 8 p.m., and trunk blood samples were used for plasma corticosterone and ACTH measurements. In the morning, we also determined the left adrenal gland weight. Groups: Wistar 8 am (n= 6), Wistar 8 pm (n= 6), WAR 8 am (n= 6) and WAR 8 pm (n= 7).
Histology and morphometric analysis of adrenal glands
To perform the morphometric analysis of adrenal gland, we collected the glands of WAR and Wistar under basal conditions. Adrenal glands were fixed for 24 h in formalin, embedded in paraffin, and serially sectioned at 5 μm. Sections were stained with Gomori's trichrome by standard protocols and photographed using a Zeiss Axiostar Plus microscope fitted with an Axiovision digital camera (Zeiss, Hemel Hempstead, UK).The area of the cortex was analyzed from digital images using AxiovisionRel4.6 software. The measurement was performed on four adjacent sections from the middle portion of each individual adrenal gland to ensure a reliable comparison. The medullary area and the length of the cortical layers (reticularis, fasciculata and glomerulosa) were measured under standardized conditions. Measurements were expressed in μm (length) or mm 2 (areas).
Restraint stress
Animals were subjected to restraint stress by placing them in a metal restrainer (17 × 6 × 5 cm) for 15 min, followed by decapitation and blood collection for corticosterone and ACTH measurements. The groups were as follows: Wistar basal (n = 5), Wistar restraint (n = 6), WAR basal (n = 4) and WAR restraint (n = 5).
To determine the adrenal responsiveness to ACTH 24 h before the experiments, rats were anesthetized with 2,2, 2-tribromoethanol (25 mg/100 g bw. i.p., Aldrich, Milwaukee, WI, USA); a catheter was inserted into the right external jugular vein and advanced to the right atrium (Harms and Ojeda, 1974) for i.v. drug administration. On the day of the experiment, rats were pretreated with dexamethasone (100 μg/100 g subcutaneously) and 2 h later they received an i.v. injection of ACTH (Synacthène, Novartis-8 ng/rat) or vehicle (0.9% NaCl). Trunk blood samples for plasma corticosterone determination were collected by decapitation 15 min after the injection. Groups: Wistar vehicle (n=4), Wistar ACTH (n=5), WAR vehicle (n=4) and WAR ACTH (n=5).
Radioimmunoassays
Plasma hormone levels were determined by specific radioimmunoassay, as previously described (Elias et al., 2002) . The assay sensitivity was 0.4 μg/dl for corticosterone and 16 pg/ml for ACTH. The intra-and inter-assay coefficients of variation were 4% and 8% for corticosterone and 4.3% and 16% for ACTH, respectively. All samples from a single experiment were assayed in duplicate in the same assay. 
